We propose an experimental scheme to detect unambiguously parity-mixing of Cooper pairs in noncentrosymmetric superconductors, which utilizes crossed Andreev reflection processes between two oppositely spin-polarized normal metal leads and a noncentrosymmetric superconductor. It is demonstrated that a non-local conductance exhibits a clear signature of parity breaking of Cooper pairs, and thus, can be a direct probe for the parity-mixing.
In particular, pairing states can not be classified according to parity, but, instead, the admixture of spin-singlet pairing and spin-triplet pairing generally occurs. 7, 10, 11, 22 This most striking effect, however, unfortunately, has not been detected so far by experimental studies. The difficulty of detecting parity-mixing of Cooper pairs is partly due to the fact that conventional experimental approaches, which are utilized for the determination of parity of Cooper pairs in centrosymmetric superconductors, such as NMR Knight shift measurements, do not provide any useful information concerning parity-mixing. That is, in centrosymmetric superconductors, the change of the Knight shift below the transition temperature T c tells us whether the pairing state is spin-singlet or spin-triplet. By contrast, in NCS, if the SO interaction is much larger than the energy scale of the superconducting gap, the behavior of the Knight shift below T c is mainly governed by the strong SO interaction, and does not yield any information on pairing states. 12, 22, 23, 31, 32 Thus, a novel experimental approach is required for the detection of parity-mixing of Cooper pairs. There have been several proposals for this aim, which use, for instance, tunneling characteristics, 33, 34, 35, 36 accidental gap-node structures, 37 and a fractional vortex scenario,
38
etc.
In this paper, we propose another method to probe parity-mixing of Cooper pairs in an unambiguous way. In this scheme, we utilize crossed Andreev reflection (CARE) between two ferromagnetic normal metal leads and a NCS. CARE is a non-local reflection process; an electron injected from one lead to a superconductor is converted to a hole in another lead, when the distance between two leads is smaller than the coherence length ξ. 39, 40, 41, 42, 43, 44 To illustrate the basic idea, we consider a setup consisting of two oppositely spin-polarized leads and a NCS with the Rashba SO interaction 45 H SO = αL(k) · σ with L(k) = (k y , −k x , 0), and α the SO coupling constant, σ = (σ x , σ y , σ z ) the Pauli matrices
Setup for crossed Andreev reflection between a NCS and two spatially-separated normal metal (NM) leads with opposite spin polarization and bias voltages V1 and V2, respectively. Short arrows represent the directions of electron spins. In the NCS side, the circular Fermi surface split by the Rashba SO interaction is depicted. Cooper pairs are formed within the same band. Black (gray) long arrows in the leads represent the flow of injected electrons and reflected holes for the process A (B). (FIG.1) . In the NCS, the SO interaction splits the electron band into two parts, ε k± = ε k ±α|k|, each of which is the eigen state of spin chirality. We assume that the SO split is sufficiently larger than the superconducting gap, and that there are only intra-band Cooper pairs formed between electrons in the same band. For instance, in the ε k− band, an electron with momentum k and spin ↑ and an electron with momentum −k and spin ↓ form a Cooper pairing state |k ↑ | − k ↓ , while in the ε k+ band, an electron with momentum k and spin ↓ and an electron with momentum −k and spin ↑ form a Cooper pairing state |k ↓ | − k ↑ . Here, we have chosen the spin quantization axis parallel to L(k) = (k y , −k x , 0). When the density of states in each band is different from each other, the superposition between these two pairing state is impossible. Then, the pairing state in each band is the admixture of a spin-singlet state and a spin-triplet state; e.g.
7,10,11,22,23 The superconducting gap of the parity-mixed pairing state is generally given by ∆ σσ
We assume that the d-vector of the triplet pairing is constrained by the Rashba SO interaction; i.e.
Then, the superconducting gaps on the ε k+ -band and the
k , where t k is an oddparity phase factor given by t k = ie −iφ k . Actually, the structure of the d-vector is determined not only by the SO interaction, but also by the detail of the pairing interaction. 25, 46 The generalization of our argument to the case with more complex structure of d-vector is straightforward. In the following, for simplicity, we focus on one-dimensional (1D) scattering problem where currents flow only along the x-axis which is perpendicular to the interface between the leads and the NCS (see FIG.1) . A qualitative feature which is important for the detection of parity-mixing is not largely affected by this simplification. In fact, the degrees of freedom along the z-axis are irrelevant for our argument. Effects of titling alignment of the leads on the xy-plane will be discussed later. In this setup, we assume that two leads are oppositely spinpolarized with the spin-quantization axis parallel to the y-axis.
An important observation here is that the paritybroken structure of the Cooper pair |k ↑ | − k ↓ (or |k ↓ | − k ↑ ) is directly related to the parity-mixing, as explained above. The parity breaking of Cooper pairs can be detected by CARE as asymmetric reflection processes; a process in which an injected electron with spin ↑ in the lead 1 is converted to a hole with spin ↓ in the lead 2 is not equivalent to a process in which an injected electron with spin ↓ in the lead 2 is converted to a hole with spin ↑ in the lead 1 because of broken inversion symmetry of the NCS. In the former process (denoted as the process A), the Andreev-reflected hole is associated with the superconducting gap ∆ − , while, in the latter process (denoted as the process B), the relevant superconducting gap is ∆ + . As mentioned above, in the parity-mixed pairing state, the amplitudes of these two gaps are different, which can be clearly observed as a characteristic biasvoltage-dependence of the non-local conductance. Thus, the parity-mixing of Cooper pairs can be detected directly without ambiguity.
The non-local conductance, which characterizes the CARE, is given by G 12 (V 1 ) = dI 2 /dV 1 and G 21 (V 2 ) = dI 1 /dV 2 , where I 1(2) and V 1 (2) are, respectively, a current and a bias voltage in the lead 1 (2). The non-local conductance is expressed in terms of the reflection probabilities A σ ij for the process that an injected electron with spin σ in the lead i is converted to a hole with spin −σ in the lead j; i.e. when the electron spin in each lead is fully polarized,
(1) Here G N is the conductance in the normal state. To obtain the probabilities, we solve the Bogoliubov-de Gennes (BdG) equation for the CARE. In the representation where σ y is diagonal, the Hamiltonian is decoupled into two partsĤ + andĤ − , each of which corresponds to the pairing state in one of two SO split bands. The BdG equation for the 1D scattering problem depicted in FIG.1 isĤ
with ν = ±. Here ε(k) = − 1 2m ∇ 2 − µ with µ a chemical potential, andk x = −i∂ x . The gap functions are ∆ ± (k) = ∆ s (k) ± |d(k)|. We assume that a barrier at the interface between the lead 1 (2) and the NCS is given by a Dirac-type potential, V (x) = kF m Z 1(2) δ(x). Here Z 1 and Z 2 are dimensionless parameters for the strength of the barrier potentials, and k F is defined by k 2 F /2m = µ: i.e. the Fermi momentum in the case without the SO split. To simplify the analysis, we consider the case of an s + p wave pairing state, and neglect k-dependence of ∆ ± . The following argument can be easily extended to the case with more general pairing states such as a d + f wave state, a g+h wave state etc. After a straightforward calculation, 47 we obtain the probability A σ ij ,
with ν = − and
and for E > ∆ ν ,
The probability A ↓ 12 (E), is given by Eq.(4) with ν = +. One can obtain the probability A σ 21 by interchanging Z 1 and Z 2 in the expression of A σ 12 . In the derivation of A σ ij , we have used the approximation that the Fermi momentum for ε k± is k F ± ≈ k F ∓ mα, which is valid when the SO split is much smaller than the Fermi energy. In fact, within this approximation, the shift of the Fermi momentum due to the SO split does not change qualitatively the feature of the non-local conductance that is important for the detection of parity-mixing of Cooper pairs, as will be shown below.
We, first, consider the case that the leads 1, 2 are fully spin-polarized in the opposite directions, and the nonlocal conductance is given by (1) . Although the spin polarization in the leads induces exchange fields in the NCS region which may affect the amplitude of the superconducting gap in a nontrivial way, we neglect this effect because it may not change our argument qualitatively. Because of the parity-broken structure of Cooper pairs mentioned above, G 12 (eV ) and G 21 (eV ) exhibit asymmetric behaviors as functions of V even when Z 1 = Z 2 ; i.e. for G 12 (eV ) a peak structure appears at eV = ∆ − , while for G 21 (eV ) it appears at eV 2 = ∆ + . When there is the admixture of spin-singlet pairing and spin-triplet pairing, ∆ + = ∆ − holds. Thus, the parity-mixing can be detected unambiguously from the measurement of the nonlocal conductance. Also, we can derive the BCS gap magnitudes for the spin-singlet pairs and spin-triplet pairs from ∆ s = (∆ + + ∆ − )/2, and |d(k)| = (∆ + − ∆ − )/2. Typical behaviors of the non-local conductance as functions of bias voltages are shown in FIG.2(a) . It is noted that even in the case of Z 1 = Z 2 , the origin of this asymmetric behavior of G 12 and G 21 can be clearly attributed to the result of parity-mixing, since the most important factor which yields the asymmetric behavior of the nonlocal conductance is the existence of two gaps ∆ + and ∆ − associated with, respectively, opposite spin chirality of the two SO split Fermi surfaces. We emphasize that the two different gap structure which appears in G 12 and G 21 shown in FIG.2(a) is obviously different from conventional multi-gap behaviors of centrosymmetric superconductors with multi-bands. From this point of view, the CARE experiment is more advantageous than the conventional Andreev reflection experiment 33, 34, 35, 36 as a probe for parity-mixing, though its realization is still challenging with current nanotechnology. In the above argument, a crucial assumption for the gap function is that there are no inter-band Cooper pairs, or, if they exist, the gap amplitude for the inter-band pairs is negligibly small. This assumption is valid as long as the SO split of the Fermi surface is sufficiently smaller than the Fermi energy.
An apparent drawback of the above scheme is that in the setup shown in FIG.1 , one needs to know beforehand the spin structure on the Fermi surfaces of the NCS determined by the SO interaction to align the direction of the spin polarization in two leads properly. Generally, this task is not so easy, because the structure of the SO interaction for real NCSs is a quite complicated function of momentum k. 48, 49, 50 For the purpose of extending our scenario to such realistic cases with the non-Rashba SO interactions, we consider a setup a bit different from that depicted in FIG.1 ; in two normal metal leads, there is no spontaneous magnetization, but, instead, spin polarization is induced by an external weak magnetic field H which is smaller than H c1 . We neglect effects of the magnetic field on the NCS, since it does not change our argument qualitatively. A main effect of a sufficiently small magnetic field on the Andreev reflection processes is to raise an imbalance of spin population in two normal metal leads. Suppose the Rashba SO interaction for a while. We will discuss more general cases later. Then, when the magnetic field is parallel to the positive direction of the y-axis, the non-local conductance G 
where in Eq. (7) is the reflection probability in the case without a magnetic field. In the derivation of (7), we have taken into account the Zeeman effect up to the lowest order in µ B H/µ, but neglected the change of the Fermi momentum due to the Zeeman shift in the leads. Thus, the suppression of the Andreev reflection due to the spin polarization is not included in Eq.(7) up to O(µ B H/µ). This approximation does not affect an important feature of the non-local conductance relevant to the detection of paritymixing for a sufficiently small H, as will be clarified later. In a similar way, the non-local conductance in the case with a magnetic field parallel to the negative direction of the y-axis is obtained as G in FIG.2(b) . This quantity exhibits distinct peak structures at eV = ∆ + and ∆ − as a signature of the parity-mixing, and thus, can be a useful probe for the admixture of spin-singlet pairs and spin-triplet pairs. It is noted that the peak height at eV = ∆ ± is not affected by the Zeeman shift of the Fermi momentum in the NM leads up to the first order in µ B H/µ, since, up
